Fibroblast growth factor receptor 3 (FGFR3) mutations are frequent in superficial urothelial cell carcinoma (UCC). Ras gene mutations are also found in UCC. As oncogenic activation of both FGFR3 and Ras is predicted to result in stimulation of the mitogen-activated protein kinase (MAPK) pathway, we hypothesized that these might be mutually exclusive events. HRAS mutation has been widely studied in UCC, but all three Ras gene family members have not been screened for mutation in the same sample series. We screened 98 bladder tumours and 31 bladder cell lines for mutations in FGFR3, HRAS, NRAS and KRAS2. FGFR3 mutations were present in 54 tumours (55%) and three cell lines (10%), and Ras gene mutations in 13 tumours (13%) and four cell lines (13%). These included mutations in all three Ras genes; ten in HRAS, four in KRAS2 and four in NRAS and these were not associated with either tumour grade or stage. In no cases were Ras and FGFR3 mutation found together. This mutual exclusion suggests that FGFR3 and Ras gene mutation may represent alternative means to confer the same phenotype on UCC cells. If these events have biological equivalence, Ras mutant invasive UCC may represent a novel subgroup.
Introduction
Urothelial cell carcinoma (UCC) of the bladder is the fifth most common cancer in the UK (http://www. cancerresearchuk.org/aboutcancer/statistics/incidence?) and USA (Jemal et al., 2003) . These tumours comprise two major groups. At presentation, the majority (70-80%) are low-grade, non-invasive (stage pTa or pT1), papillary tumours. These superficial tumours recur frequently (B70%), but usually with no increase in grade or progression to muscle invasion. Patients may have multiple recurrences over many years but only 10-20% progress to invade muscle. In contrast, the 20% of tumours that are invasive at diagnosis have a much worse prognosis, with a 50% 5-year survival for pT2 tumours. While non-invasive bladder cancers are not life-threatening, this disease places a heavy burden on both patients and health care providers. Following resection of a primary tumour, long-term follow-up is essential for this large group of patients who suffer the morbidity and anxiety associated with repeated invasive procedures. For these patients, the development of noninvasive tests for recurrence and of more effective therapies to remove all residual tumour cells from the urothelium at the time of initial resection are highly desirable. For the invasive tumours, current therapies are not adequate and the development of tailored systemic therapies is an important goal.
There have been major efforts to understand the molecular pathogenesis of both of these groups of bladder cancers to establish the basis for their divergent clinical behaviour and to provide potential markers for disease monitoring and targets for therapy. Many genetic alterations have been identified in muscle invasive UCC including mutations of TP53 and RB1, deletions of chromosome 9 including homozygous deletions affecting CDKN2A/ARF, amplification and overexpression of ERBB2 and many other deletions and amplifications identified by loss of heterozygosity (LOH) and comparative genomic hybridization (CGH) analysis (Knowles, 1999) . In contrast, few genetic events have been identified in superficial non-invasive UCC. The only common alterations are deletions of chromosome 9 and mutations of fibroblast growth factor receptor 3 (FGFR3) (Cappellen et al., 1999; Billerey et al., 2001) . Interestingly, mutations of FGFR3 are found more frequently in superficial than in invasive UCC in (Billerey et al., 2001) , and it has been reported that such mutations are more frequent in UCCs that do not recur . Mutations of FGFR3 found in UCC are identical to those found in germline skeletal dysplasia syndromes where mutation in hotspot codons in the receptor leads to constitutive kinase activity (Webster and Donoghue, 1997). When present in the germline, this has a negative effect on the growth of the long bones. In the bladder, FGFR3 is a presumed oncogene, but its precise effects on urothelial cell phenotype and the signalling pathway(s) stimulated have not yet been elucidated. However, it is known that in some cell types in vitro, FGFR3 signalling stimulates the mitogen-activated protein kinase (MAPK) pathway (Hart et al., 2000) .
Since the first human oncogene identified, an activated HRAS gene, was found in the bladder cancer cell line T24 (Der et al., 1982) , many studies have examined HRAS for mutations in bladder cancer (Fujita et al., 1984; Visvanathan et al., 1988; Czerniak et al., 1990; Knowles and Williamson, 1993; Levesque et al., 1993; Burchill et al., 1994; Ooi et al., 1994; Fitzgerald et al., 1995; Uchida et al., 1995) . Most studies have examined only HRAS and have reported a wide range of mutation frequencies (0-70%) that may reflect true differences in the tumours examined or technical differences between assays. Currently, there is agreement from several studies that the frequency for HRAS is in the range 10-20%. Few studies have screened NRAS and KRAS2, but mutations have been described previously in KRAS2 (Uchida et al., 1995; Olderoy et al., 1998; Ayan et al., 2001) . A single study that examined NRAS using restriction fragment polymorphism analysis reported a high frequency of mutation, but these were not confirmed by sequencing (Przybojewska et al., 2000) . To date a comprehensive analysis of all three Ras genes has not been carried out in a large series of bladder tumours.
As for FGFR3 mutations, Ras gene mutations in UCC are presumed to activate the MAPK pathway. This raises the question of whether FGFR3 activation and Ras activation could fulfil the same function in the tumour cell. In this study we have examined a series of 98 bladder tumour samples and 31 bladder cell lines for mutations in FGFR3, HRAS, KRAS2 and NRAS to provide a comprehensive assessment of all three Ras genes and to examine the possibility that Ras mutation and FGFR3 mutation are mutually exclusive.
Results
We screened 29 tumour-derived urothelial cell lines, two normal urothelium-derived cell lines and a panel of 98 tumour samples for mutations in HRAS, NRAS, KRAS2 and FGFR3. Some of the tumours in this series had been screened previously for FGFR3 mutation using SSCP analysis (Sibley et al., 2001) . Additional samples were screened by direct sequencing of exons 7, 10 and 15 that contain all of the mutations described in UCC to date. Mutations were present in 54 tumours (55%) ( Table 1) . One tumour contained two mutations (R248C and S249C). Six different mutations were found, five of which are identical to mutations that in the germline cause thanatophoric dysplasia type I and are believed to result in constitutive activation of the kinase activity of this receptor (Webster and Donoghue, 1997) . Mutations were found more frequently in UCCs of lower grade and stage (Figure 1a and b) . Three cell lines were found to contain mutations. These were J82 (K652E), 97-7 (S249C) and 97-29 (S249C) . In each of these cell lines, the mutation was heterozygous.
We used fluorescent single-strand conformation polymorphism (F-SSCP) analysis to screen for mutations in exons 1 and 2 of HRAS, NRAS and KRAS2. Mutations were detected in 13 bladder tumour samples (13%) and four cell lines (Table 2 ). These included mutations in all three ras genes and involved all exons except KRAS2 exon 2. One tumour (134) contained two mutations (HRAS Q61R and KRAS2 G12R). In total there were four mutations in HRAS codon 12, two in HRAS codon 13, four in HRAS codon 61, four in KRAS2 codon 12, one in NRAS codon 12 and three in NRAS codon 61. Examples of NRAS and KRAS2 mutations are shown in Figure 2 . Of the 18 mutations detected, six were G:C to T:A transversions, four were A:T to G:C transitions, three were A:T to T:A transversions, four were G:C to C:G transversions and one was a G:C to A:T transition. No significant association between tumour grade or stage and mutation was apparent (w 2 ; P>0.25 for each). The 13 tumour samples with mutation included five grade 1, five grade 2 and three grade 3 tumours, five pTa, five pT1 and two pT2 tumours.
The overall frequencies of Ras and FGFR3 mutations in tumours and cell lines are shown in Figure 1c and d. In total, 68% of the tumours studied had mutation of either a Ras gene or FGFR3. This accounted for 37 of 45 (82%) of grade 1 tumours, and 32 of 39 (82%) of pTa tumours, but only 44% of grade 3 and 39% of pT2 tumours. Examination of the distribution of Ras and FGFR3 mutations revealed that these events were totally mutually exclusive in both tumours and cell lines. The conventional odds ratio for RAS mutation in the presence/absence of FGFR3 mutation in a tumour was estimated as 0 and the w 2 test for independence was highly significant (Po0.0001). The median unbiased estimate of the odds ratio was 0.033 with an exact 95% confidence interval of 0-0.21.
Discussion
Current knowledge of the genetics of UCC is extensive and there are some clear associations of genetic events with the two major groups of tumours defined at diagnosis, low-grade superficial UCC and muscle invasive UCC. The majority of known genetic events have been described in muscle invasive UCC and many of these, such as TP53 and RB1 mutation, are associated with poor prognosis. What has not become clear from genetic studies to date is whether subgroups of tumours can be defined, particularly within the very large group of low-grade superficial tumours that represent such a major part of current urological practise. In this group, the only frequent genetic alterations described are LOH affecting chromosome 9 and mutations of FGFR3. As Ras gene mutations are sometimes found in such low grade/stage tumours (Knowles, 1999) , we were interested to assess whether such mutations are found in tumours with FGFR3 mutation, an event that might be predicted to result in activation of similar downstream signalling pathways. A previous study of nine multiple myeloma cell lines with a t(4;14) translocation, found four FGFR3 mutations and four Ras gene mutations and these events were mutually exclusive, leading to the suggestion that these events may play an analogous role in the pathogenesis of multiple myeloma (Chesi et al., 2001) .
Our study demonstrates a striking mutual exclusion of these mutations in UCC. In total, 68% of the tumours studied had a mutation of either a Ras gene or FGFR3 with a maximum frequency of 82% in G1 or pTa tumours. Only seven G1/Ta tumours did not contain a mutation. We have some other genetic information for these, one of which is known to have high level amplification and overexpression of ERBB2, which could represent an alternative mechanism by which the same signalling pathways are activated in this tumour. In contrast, the frequency of mutations was much lower in high grade and stage tumours with only 39% of pT2 tumours showing mutation in any gene studied.
The frequency of FGFR3 mutation found here was similar to that described in several previous studies and all of the mutations have been described previously in UCC samples (Cappellen et al., 1999; Billerey et al., 2001; van Rhijn et al., 2001) . Five of the mutations (S248C, S249C, G372C, S373C, Y375C) are identical to mutations found in the germline in the skeletal dysplasia syndrome thanatophoric dysplasia type I (TDI) (Webster and Donoghue, 1997), all of which induce strong constitutive activation of the receptor. We found one case with K652Q, which in the germline is associated with the milder chondrodysplasia syndrome hypochondroplasia (Bellus et al., 2000) and in vitro shows lower levels of receptor autophosphorylation. It is not yet clear whether there are phenotypic differences in urothelial cells containing mutations with different activation status.
Although FGFR3 mutations were found predominantly in tumours of lower grade and stage (Figure 1 ), we did find several mutations in tumours of high grade and stage, which contrasts with some other studies (Billerey et al., 2001; van Rhijn et al., 2001) . For this historical tumour series, we had access only to the overall clinical grading recorded in the patients' records. One possible explanation is that the recorded grading and staging reflects the most aggressive lesion resected. Thus, if multifocal tumours were present, it is possible that a less aggressive lesion may have contained an FGFR3 mutation, which would be identified by SSCP, even if only present in a minor population of cells in the sample. Studies to confirm and extend our observations will require careful dissection and direct histopathological assessment of the fragments used for mutation analysis. It has been assumed previously, possibly in light of the high degree of specificity for mutation of specific Ras genes in some tissues and also because of the initial identification of mutated HRAS in a TCC cell line (T24), that UCC contains predominantly HRAS mutations. An aim of this study was to carry out comprehensive screening of all three Ras genes in the same series of UCC samples. F-SSCP is widely accepted to be a highly sensitive mutation scanning technique (Taylor and Taylor, 2004). As we had screened some of these samples previously using a lower sensitivity assay (Knowles and Williamson, 1993) , we were interested to know whether F-SSCP would detect additional mutations. Since this was not the case, we conclude that all coding sequence mutations have been found. In light of the finding that mutations in intron D of HRAS can affect expression levels and that alternative splicing of HRAS gives rise to a p19 form that is suggested as a negative regulator of p21 (Huang and Cohen, 1997) , it is FGFR3 and Ras mutation in bladder cancer AH Jebar et al possible that such alterative mechanisms to increase Ras signalling could operate in some UCCs and this must be examined in future.
A striking finding was that all three Ras genes showed mutation and that the combined frequency of KRAS2 and NRAS mutations was similar to that of HRAS mutations. No sequenced mutations of NRAS have been described previously in bladder cancer. The mutations we found were G12R, Q61L and Q61R. In other tumour types where NRAS mutation is found (e.g. haematopoietic, laryngeal and skin cancers), codon 61 is most commonly mutated, and Q61R is the most common mutation (http://www.sanger.ac.uk/perl/CGP/cosmic). Interestingly, only nine of the 1132 mutations of NRAS recorded are G12R. Therefore, it will be important to analyse more bladder tumours to determine whether this is a chance finding or whether there may be some tissue specificity in the mutation spectrum.
Several studies have examined KRAS2 in bladder tumours and a few have been reported (Grimmond et al., 1992; Uchida et al., 1995; Olderoy et al., 1998) . We found one G12A and one G12 V, and two mutations not previously described (G12R and G12C). Taken together these results suggest that KRAS2 mutation may be more frequent in bladder tumours than previously thought.
In other tumour types there is specificity in the Ras family member that is most commonly activated. For example, most colorectal cancers show KRAS mutation while haematological malignancies show predominantly NRAS mutation. Overall, the vast majority of mutations in human cancers are found in KRAS2 and mutations in HRAS are relatively rare. The exact reasons for this specificity are not yet clear but some recent studies point to possible differences in the ability of different Ras proteins to activate different Raf isoforms (discussed in (Ellis and Clark, 2000) ). Whatever the explanation for the differences, it appears that either some shared function of all three Ras genes is important in UCC cells or that any of the potentially different biological effects can contribute to UCC development.
Our hypothesis was that the Ras genes and FGFR3 might fulfil equivalent functions in UCC. The data certainly point to some degree of equivalence of these events and this will require further examination of the phenotype of such tumours, including detailed examination of clinical follow-up data. Several other genetic events and expression changes known to occur in UCC could also have the same effect. These include overexpression of certain tyrosine kinase receptors, for example, EGFR and ERBB2, alterations in expression of Ras effectors such as RAF1, which is sometimes amplified and overexpressed in UCC, increased expression of the Ral proteins, one of which (RalA) has been implicated in EGFR-regulated motility in a bladder cancer cell line, and decreased expression of RhoGDI2, an inhibitor of guanine nucleotide dissociation for Rho proteins, which has been implicated recently in UCC invasion and metastasis (reviewed in (Oxford and Theodorescu, 2003) ). We predict that the MAPK pathway might be the common effector pathway for mutant FGFR3 and Ras signalling but until the exact signalling effects of FGFR3 in urothelial cells are elucidated, the involvement of the PI3 K pathway, PLCg and STATs, all of which are known to be involved in FGFR3 signalling in chondrocytes and other nonepithelial cells, must be considered. We have been unable to access tissue samples from the current historical tumour series to assess pathway activation status and this will be priority for future studies.
Two recent studies have shown that FGFR3 and TP53 mutations are almost mutually exclusive in UCC (Bakkar et al., 2003; van Rhijn et al., 2004) . These events appear to characterize the two major groups of UCCs, which may define two alternative pathways in the pathogenesis of these cancers. TP53 is associated with tumours of high grade and stage and with carcinoma in situ which is a high-risk superficial lesion believed to represent a precursor for invasive UCC. The finding of FGFR3 mutation in a population of tumours that is virtually distinct from these is compatible with the previous finding that FGFR3 mutations are strongly associated with low grade and stage UCC and with lower frequency of recurrence (Billerey et al., 2001; van Rhijn et al., 2001) . This distinction of FGFR3 and TP53 mutant UCCs fits well with the proposed two pathway model for UCC development and provides a specific marker for the pathway leading to the development of low grade superficial UCC.
In the present study we have found total mutual exclusion of Ras and FGFR3 mutations in UCC but in this case, unlike the situation for TP53 and FGFR3, the mutations do not segregate with tumour grade and stage in both cases. Thus, the distribution of Ras mutations, though nonoverlapping with FGFR3 mutations, does not distinguish tumours that fall predominantly into either of these proposed pathways. This lack of association of Ras mutation with tumour grade or stage is in agreement with previous studies of UCC (Levesque et al., 1993) .
What then is the significance of Ras gene mutation in the urothelium? Several studies have examined the effects of expression of Ras genes on urothelial cells both in culture and in animal models. Overexpression of either wild type or mutant HRAS (Val12) in the UCCderived cell line RT4 induced invasion in an orthotopic model (Theodorescu et al., 1990) . The effects of HRAS (Val12) have also been assessed in normal and immortal human urothelial cells in culture (reviewed in Reznikoff et al., 1993) . Normal urothelial cells were not immortalized and failed to form tumours in nude mice and tumorigenic conversion of SV40-immortalized cells was not induced. However, there was an upgrading effect in cells that formed low-grade tumours and stimulation of the growth rate of a high-grade tumour-forming cell line. Together these studies suggest that in some human UCC cell lines, mutant Ras can contribute to a more aggressive phenotype, but cannot achieve immortalization of normal cells or induce tumorigenicity in immortal cells.
Interestingly, experiments in mice have recently provided evidence for a role of Ras mutation in the development of superficial papillary UCC. When a mutant HRAS was expressed in the bladder of transgenic mice using a urothelium-specific promoter of the uroplakin II gene, urothelial hyperplasia and superficial papillary tumours were induced (Zhang et al., 2001) . These results are in accord with the previous finding that when mouse urothelial cells infected in vitro with a virus carrying a mutant Ras gene were implanted under the renal capsule, cell proliferation was increased, leading to hyperplasia (Wagner et al., 1990) . These results indicate a role for Ras in generating hyperplasia in the normal mouse bladder. This is in sharp contrast with the ability of uroplakin II promoter-driven expression of SV40 T to induce CIS and invasive UCC in transgenic mice (Zhang et al., 1999) . Thus, the expression of SV40 T, which inactivates both p53 and Rb, leads to aggressive tumours similar to human bladder tumours in which mutations of TP53 and RB1 are found and expression of mutant Ras results in tumours resembling the common low-grade papillary tumours. Assuming that mouse and human urothelial cells respond similarly, these in vivo and in vitro studies indicate that Ras can participate both early in UCC development and during tumour progression. This contrasts with what is observed for FGFR3 where the strong association with low grade/stage, nonrecurrent tumours indicates a role early in tumour development and defines a group of UCCs with favourable prognosis. Our present findings are compatible with this but raise important questions about the biological similarity of Ras mutant and FGFR3 mutant tumours. It will now be important to assess the clinical course of patients with Ras mutant tumours in both the noninvasive and invasive groups and to examine the relationship between Ras and FGFR3 mutation, TP53 mutation and other known molecular characteristics of UCC. As both FGFR3 and Ras gene mutation are rare in muscle invasive UCC, it will be particularly interesting to assess whether these features characterize a less aggressive or lower risk group of invasive UCCs.
Materials and methods

Tumour samples and cell lines
The tumour series used has been described previously (Proctor et al., 1991) . The total number analysed was 98. Tumours were classified according to the WHO and TNM guidelines. Information on grade was available for 94 samples and on stage for 86 samples. There were 45 grade 1, 31 grade 2 and 18 grade 3 tumours. In Total, 39 were pTa, 23 were pT1, 23 were pT2 and one was carcinoma in situ. A total of 29 bladder tumour cell lines were used (Table 3) . One cell line, SVHUC, was established following SV40 T immortalization of normal urothelial cells and one, HCV29, was derived from apparently normal urothelium. DNA was extracted from cultured cells using standard proteinase K digestion followed by phenol extraction and ethanol precipitation. (Table 4) . Sequences were amplified in 25 ml reactions using GeneAmp buffer II or Gold buffer (Applied Biosystems, Foster City, CA, USA), 2.5 mM MgCl 2 , 200 mM dNTPs, 5 pmol of each primer, 2.5 U AmpliTaq Gold and 10 ng template DNA. Cycle parameters were 951C for 10 min, then 35 cycles of 951C for 30 s, 551C (HRAS exon 2, KRAS2 exon 1, KRAS2 exon 2, NRAS exon 2) or 601C (HRAS exon 1, NRAS exon 1) for 30 s and 721C for 30 s followed by a final incubation at 721C for 10 min. Controls were samples containing known HRAS mutations and no template controls. Aliquots of all reactions were checked by agarose gel electrophoresis. PCR products were diluted with water by a factor of between 1 in 10 and 1 in 40 depending on the yield of the reaction. In total, 1-2 ml of the diluted product was mixed with 0.5 ml of ROX-500 size standards (Applied Biosystems) and 10.5 ml of HiDi Formamide (Applied Biosystems). Samples were denatured at 951C for 2 min and snap cooled on ice. F-SCCP analysis was on a 3100 Genetic analyser (Applied Biosystems) at 181C and 301C using 5% Genescan polymer with 10% glycerol and 1 Â Tris-TAPS-EDTA (Applied Biosystems). Data was analysed using Genescan 3.7.1 and Genotyper 3.7 software (Applied Biosystems). Mutation detection was by visual inspection of electropherograms by two observers. Products that showed a mobility shift under at least one of the F-SSCP conditions were sequenced following reamplification with unlabelled primers. Unincorporated primers and deoxynucleotides were removed using shrimp alkaline phosphatase and exonuclease I (Amersham Biosciences, Chalfont St Giles, UK). Sequencing reactions were carried out using the PCR primers and a BigDye Terminator V1.1 Cycle Sequencing Kit (Applied Biosystems). Data analysis was carried out using Sequencing Analysis 3.0 software (Applied Biosystems) and by visual inspection of the electropherograms.
FGFR3 mutation analysis
Some tumours were previously screened for mutations in all coding exons of FGFR3 by SSCP analysis (Sibley et al., 2001) . Additional samples were screened by direct sequencing of exons 7, 10 and 15. Primers used for PCR amplification and sequencing are shown in Table 4 . Sequences were amplified in 25 ml reactions using Gold buffer (Applied Biosystems), 1.5 mM MgCl 2 , 200 mM dNTPs, 5 pmol of each primer, 2.5 U AmpliTaq Gold and 10 ng template DNA. Cycle parameters were 951C for 10 min, then 35 cycles of 951C for 30 s, 601C (exons 10 and 15) or 651C (exon 7) for 30 s and 721C for 30 s followed by a final incubation at 721C for 10 min. Products were sequenced as described above.
Statistical analysis
An hypothesis of mutual exclusivity can not be proved statistically, but is disproved by a single counter-example. Rather than hypothesis testing, it was therefore decided to produce an exact confidence limit on the odds ratio of Ras mutation in the presence or absence of FGFR3 mutations in a tumour, to provide a ceiling on the odds of Ras mutation with FGFR3. An exact logistic model was fitted to the data, with the presence/absence of Ras mutations as the outcome and the presence/absence of FGFR3 mutations as the explanatory variable. The median unbiased estimate of the odds ratio was produced, together with a 95% confidence interval. We also quote the exact w 2 test for independence of Ras and FGFR3 mutations. All calculations were carried out in SAS v8.1. 
